Abstract This article aims to understand the radiation behavior within a photo-reactor, following the ISO 22197-1:2007 standard. The RADIANCE lighting simulation tool, based on the backward ray-tracing modeling method, is employed for a numerical computation of the radiation field. The reflection of the glass cover in the photo-reactor and the test sample influence the amount of irradiance received by the test-sample surface in the photo-reactor setup. The reflection of a white sample limits the irradiance reduction by the glass cover to 1.4 %, but darker samples can lead to an overestimation up to 9.8 % when used in the same setup. This overestimation could introduce considerable error into the interpretation of experiments. Furthermore, this method demonstrates that the kinetics for indoor photocatalytic pollutant degradation can be refined through radiation modeling of the reactor setup. In addition, RADIANCE may aid in future modeling of the more complex indoor environment where radiation affects significantly photocatalytic activity.
Introduction
During the last years, indoor air quality (IAQ) has gained great attention as one of the foremost environmental concerns, whereas in the previous decades, significant changes occurred on indoor applications of building materials and consumer products (Weschler 2009 ). These newly applied products release a range of chemicals, resulting in indoor air pollution and loss of the IAQ (Smith 2002; World Health Organization 2011; Zhang and Smith 2003 ; US Environmental Protection Agency 2011). In addition, it is commonly known that people in modern urban areas spend 85-90 % of their life indoors (Klepeis et al. 2001) . Consequently, indoor smoke from solid fuels is the number ten global risks for mortality worldwide, and indoor air pollution is listed as the second largest source of lung cancer (Mathers et al. 2009 ). Therefore, the development of effective IAQ conservation methods is essential. Heterogeneous photocatalytic oxidation (PCO) is a potential technology for the conservation of IAQ through passive air purification (Kolarik and Toftum 2012; Dong et al. 2011; Destaillats et al. 2012) . While common air purification methods only use sorption on a selective range of pollutants, more progressive methods, including PCO, ozone generators, thermal oxidizers, and plants or microorganisms, may offer alternatives by degrading indoor pollutants. In fact, PCO is researched intensively and tested on different scales, and various PCO applications have already been developed and patented (Lasek et al. 2013) . The photocatalyst, essential in PCO applications, can be applied to a wide range of building materials, such as glass, plastics, and cementitious materials and may be activated by visible light to purify air passively (Yu 2012) . Despite its potential, several issues still need to be resolved before it can be effectively employed within the indoor environment (US Environmental Protection Agency 2012). Primarily, the current applications deal with low efficiencies that allow the generation of hazardous intermediates during the photocatalytic degradation of pollutants (US Environmental Protection Agency 2012). Consequently, most of the current research focuses on controlling, analyzing, and improving PCO technologies, including photocatalyst and substrate development (Chang et al. 2012; Wang et al. 2009; Li et al. 2010; Debono et al. 2013 ), degradation pathways and kinetics studies (Debono et al. 2013) , reactor development (Zhang et al. 2012) , application development (Shen et al. 2012) , and PCO modeling (Zhong et al. 2013) .
Regarding the PCO modeling in the indoor environment, numerical models provide further understanding of the PCO performance in complex environment for which no basic solution is simply available. Actually, the employment of these models supports the optimization of indoor design, such as lighting plans and ventilation strategies. Hence, PCO modeling may improve the effectiveness of PCO application and, assess and minimize the generation of intermediates through the understanding of the interrelation between the air flow, photochemical reactions and radiation indoors. Therefore, kinetic, radiation, and a fluid dynamic models are essential for PCO model development and application assessment. As one of the key parameters, the radiation field in a system has a major impact on the excitation of electron-hole pairing (Hoffman et al. 1995) . The radiation field is usually modeled by geometric optical methods (Ward 1994) . The geometric optical methods, including (forward or backward) ray tracing (Saelens et al. 2013) or radiosity methods (Aman et al. 2013) , are frequently employed for lighting design and energy simulation within the built environment.
However, the simplifications in most radiation modeling efforts of PCO studies are relatively high and focus on photoreactors. Consequently, the radiation field can only be considered in basic systems. For example, Computational Fluid Dynamics (CFD) is used for modeling of the velocity and concentration of air pollutants in a reactor, whereas the radiation model was coupled (Passalia et al. 2012) . The triangular channel of the reactor was modeled, while assuming the reflection by the catalyst surface and emission by the transparent glass, behind which the ultraviolet (UV) lamps were located, were diffusive. Likewise, a radiation field in a multiplate photocatalytic reactor irradiated by cylindrical UV lamps orthogonal to the plates is modeled, under the assumption that all reflections were diffusive (Zazueta et al. 2013) . Another frequently used geometric optical method is the Linear Spherical Emission Model (LSSE), a compromise between complexity and prediction accuracy, as reported by Salvado-Estivill et al. (2007a, b) . Although these methods undoubtedly provide sufficient capabilities for reactor-based systems, the indoor environment is more complex and requires a refined method. In fact, the current modeling methods in PCO studies often oversimplify the irradiance distribution on a photocatalyst in the indoor environment.
In the field of lighting design (Ng et al. 2001; Reinhart and Andersen 2006) , the program RADIANCE (Larson and Shakespeare 2004 ) is frequently employed with success and provides a more comprehensive approach and can therefore be an alternative modeling method. Moreover, recent efforts show that the capabilities of the program may be extra beneficial for the PCO modeling, as spectral rendering can also be performed with this software package (Ruppertsberg and Bloj 2006) . In short, both the complex geometries and the application of materials in indoor environments ensure that common radiation modeling approaches in PCO-related literature are inadequate for the radiation modeling in an indoor environment for which RADIANCE may provide a solution. Furthermore, RADIANCE may even be used to model the radiation field in a photo-reactor.
Consequently, the present article employs a more comprehensive radiation modeling approach for a photo-reactor by using the backward ray-tracing method. Previously, the PCO of the inorganic pollutant nitrogen monoxide (NO) was studied (Yu and Brouwers 2009 ) and a kinetic reaction model was proposed . During the development of this kinetic reaction rate model, a uniformly dispersed radiation field in the photo-reactor setup was assumed and the effect of the glass cover employed in the photo-reactor was not included. These simplifications could introduce an error into the kinetic model that in turn may limit the PCO modeling capabilities when the kinetic model is applied. In this article, the assumptions were examined with a monochromatic radiation model. It is demonstrated that a more comprehensive radiation modeling approach can be used to correct the kinetic model for the radiation field behavior within the photo-reactor setup. Furthermore, it is believed that this method can be used to refine other kinetic models and may aid in making PCO models more accurately in future work.
Experimental work

Photocatalytic degradation setup
The experiments (Yu and Brouwers 2009) were conducted in a photocatalytic degradation setup, as illustrated in Fig. 1 . The experiments were carried out following the standard ISO 22197-1:2007 as a reference (International Organization for Standardization 2007) . For a detailed description of the test setup, use, and coating method, the reader is referred to Yu and Brouwers (2009) . Parts 7 and 8 in Fig. 1 , respectively the light source and photo-reactor, are explained in more detail in Fig. 2. The kinetic model described the photocatalytic degradation of the inorganic pollutant nitric oxide (NO) under indoor conditions. Given the photocatalytic activity in the reactor, NO was successively converted to nitric acid (HNO 3 ) by visible light (400-570 nm) on a photocatalyst (C-doped TiO 2 ), whereas an unwanted intermediate nitrogen dioxide (NO 2 ) could be generated sometimes.
For the radiation modeling, the photo-reactor setup is modeled according to the layout shown in Fig. 2 . The setup can be categorized into three parts: the luminaire, casing, and reactor. The reactor part was centered in the casing that was dominated by a near-uniformly dispersed radiation field. The luminaire contained three fluorescent light sources, type TL-D 18W/854 (Philips, The Netherlands), whereas the test sample was placed in the reactor below a glass cover. The applied light source emitted a visible radiation in the range of 400-700 nm. Scattered radiation emitted to the rear of the luminaire was reflected downwards onto the reactor by various mirrors. During the measurements, the irradiance was acquired on a height of 15 cm in the casing by using an ultraviolet-visible (UV-vis) radiometer and VIS-BG sensor (Dr. Gröbel UVElektronik GmbH, Germany). Two optical experiments were required to build the radiation model of the photo-reactor setup and are shortly described in the following sections.
Transmission measurement for refraction index verification
As the detailed refraction index of the borosilicate glass was not available for the radiation modeling, a transmittance measurement was performed and compared by an analytical calculation to verify the refraction index. A refraction index of 1.4768 for 480 nm from the SCHOTT Borofloat® 33 glass (SCOTT 2011) was adopted for the comparison. The experiment was performed according to the setup in Fig. 3 . During the experiment, the glass cover (8 mm thick) was fixed by supportive perspex plates in the 74-ACH collimating lens holder perpendicular to the two collimating lenses, with a total distance of 1 cm on both sides of the sample. The two collimating lenses corrected the radiation in the optic fiber cables to a distribution of only ∼2 % wide (Ocean Optics 2012).
Preliminary measurements did not yield any valid results, as the USB4000 spectrometer received an excessive amount (Yu and Brouwers 2009) . 1, NO gas supply; 2, synthetic air supply; 3, mass controller meter; 4, humidifier; 5, humidity controller; 6, temperature and relative humidity sensor; 7, light source; 8, reactor; 9, valve; 10, valve; 11, NO x analyzer; 12, computer; 13, vent of radiation flux from the PX-2 xenon light source. Therefore, a filter was fitted between the two collimating lenses, to lower the amount of radiation flux. The filter was fixated to the supportive perspex plate between the collimating lenses on the side of the light source with tape. For calibration, two calibration values for a τ=0 and τ=1 condition were required. To establish a τ=0 condition, an opaque plate blocked the light during the measurement, whereas for a τ=1 condition, no plate was used. During the measurement, the xenon light source and the spectrometer were attached by the SMA 905 connector allowing the pulses of the light source to be adjusted to the scanning time of the spectroscope. The spectrometer registered the spectrum over an interval of 0.26 nm between 220 and 750 nm and took 10 scans/s, which were averaged over a period of 3 s. Furthermore, the experiment was performed in a dark condition, by turning off the laboratory lights, as the laboratory has no windows.
The transmittance of the glass (τ glass [−] ) is obtained using the Fresnel's equation for an angle of incidence of 0° (Bass et al. 1996) to estimate an internal and external reflection in the glass cover, in so doing neglecting the absorption, and giving the following expression:
where n 1 and n 2 [−] are the refraction index of air and SCHOTT Borofloat® 33, respectively. The measurement of the transmittance yielded an average value of 0.9276 for 400-570 nm, whereas the approximation defined by Eq. (1) produced a value of 0.9273. As the relative difference is relatively small, only 0.032 %, the refraction index of SCHOTT Borofloat® 33 glass can be used for the modeling of the glass cover without producing any significant error.
Reflection measurements
The reflection measurements were performed using a (spherebased) CM-2600d spectrophotometer (Konica Minolta 2001) to obtain the spectral reflection coefficients and specular components needed for opaque material modeling. The reflection coefficient (σ [−]) expresses the amount of radiation that can be reflected by a surface, whereas the specular component (S [−]) characterizes the specular capability of a surface. For instance, when a surface is specular, S=1, and when a surface is ideally diffuse, S=0. These two parameters are used to characterize the reflection behavior of the opaque materials, using a predefined reflection model in RADIANCE. For the preparation, the CM-2600d Spectrophotometer (Konica Minolta) was attached by a RS232C Cable to an external computer on which the data was computed using the SpectraMagic Software (v.3.6). The spectrophotometer Fig. 2 a The schematic representation of the photoreactor setup; b the setup is composed out of a luminaire, casing and reactor. Dimensions are in meters. The red-encircled numbers refer to the materials that are used in the radiation model. 1, Metal casing; 2, mirror; 3, black paper; 4, luminaire casing; 5, white paper; 6, glass; 7, light 1; 8, light 2; 9, inside reactor; 10, test sample; 11, reactor required calibration for an ideal absorber (σ=0) and ideal reflector (σ=1). The ideal absorber was created by measuring an empty space, thereby preventing detection of reflected light emitted by the spectrophotometer. Meanwhile, the ideal reflector was obtained by measuring the diffusive (white) reflection standard that was included with the spectrophotometer. The spectrophotometer provided the reflectance with the specular component included (SCI) and specular component excluded (SCE) by scanning with two flashes over an interval of 10 nm between a wavelength range of 400-700 nm, by using xenon light sources. The specular component is derived from the obtained SCI and SCE with the following expression:
The reflection coefficient is defined as:
The specular component and spectral reflection coefficient were calculated per nanometer over the bandwidth of 400-570 nm (10 nm interval) and averaged to a single value, and the results are listed in Table 1 . The results from the optical experiments, both the transmission experiment and the reflection experiments are used as input for the radiance modeling which will be discussed in the next section.
Radiation modeling
The backward ray-tracing modeling method
The particle or wave behavior of light in a radiation field is approximated by a geometric optical method through a large number of narrow beams (rays) (Larson and Shakespeare 2004) . There are two main geometric optical methods that can be employed, the radiosity method or the ray-tracing approach. The radiosity method is a view independent rendering method in which light is traced from a light source and is reflected diffusely by a specific number of times. The raytracing method is a view dependent method for rendering images and this method can consider more complex reflection and transmission behavior. Therefore, the ray-tracing method is frequently more accurate.
In short, the backward ray-tracing method in RADIANCE calculates the outgoing radiance (L o ) as the sum of total reflected radiance (L r ) and emitted radiance (L e ) on a surface (A) to another surface in a spherical coordinate system, defined by the radiance equation (Larson and Shakespeare 2004) :
where L o (ψ o ,θ o ) (watts per steradian per square meter) is the outgoing radiance in a direction given by the angles ψ o and θ o expressed in radials. The outgoing radiance is composed of the emitted radiance (L e (ψ o ,θ o ) (watts per steradian per square meter)) and the reflected radiance (L r (ψ o ,θ o ,L i (ψ i ,θ i )) (watts per steradian per square meter)) (Slomp et al. 2006) . The reflected radiance is a function of the incoming irradiance (L i (ψ i ,θ i ) (watts per steradian per square meter)) from the direction ψ i and θ i (radials) and outgoing angles ϕ o (radials) and θ o (radials).
The reflection is a function that can be inserted by using gonioreflectrometer measurements (Apian-Bennewitz 2011) Fig. 3 The schematic diagram of the transmittance measurement setup or with the predefined reflection models. Either the amount of irradiance or radiance may be computed on a surface seen from a specified viewpoint (or view). In RADIANCE, complex reflection behavior can be approximated by a predefined BRDF model, combining an additive mixture of ideal reflection types from which reflection is generated (Balling 2009 ), including the perfect diffuse and specular reflection. These predefined reflection models in RADIANCE, such as the material types plastic and metal (Jacobs 2012) , are defined by a reflection coefficient and a specular component, which were acquired by the (integrating sphere-based) photospectrometer during a series of optical experiments. For the computational modeling of the opaque materials in the photo-reactor setup, the reflection coefficients and the specular components were obtained through the reflection experiments. Meanwhile, the refraction index of the glass cover was verified by the transmission experiment required for modeling efforts.
Numerical model setup
The simulation model in RADIANCE of the photo-reactor setup was built following the schematics shown in Fig. 4 . A grey scale or monochromatic model was built, implying that the optical properties of all materials are the same for all wavelengths. The luminaire component is subdivided into a light source model and two mirror types. The accuracy of the numeric results is defined by rendering parameters. Table 1 reports that for several rendering parameters, the modified values were applied, whereas for the other rendering parameters the default values of RADIANCE were adopted. The value for the -ab rendering parameter was obtained using a sensitivity analysis (see "Uncertainty analysis of −ab rendering parameter").
The geometry of the light source model is presented in Fig. 5 , which is composed of the (1) lamp base, (2) border region, and (3) central light-emitting area. Consequently, the materials black paper, light 1, and light 2 are applied to the lamp base, border region, and central light-emitting area, respectively. This model was applied for all three light sources in the luminaire.
For the emission of the light source model, an omnidirectional radiance distribution over the longitudinal axis of the light source was assumed, radiating with L l (watts per square meter per steradian). L l is defined as the standard emitted luminance by the light source to which the light-emitted surfaces are associated. It is estimated that the radiance of both the border region and main light-emitting area are related with L l by L light 1 =0.5L l and L light 2 =L l respectively. L light 1 and L light 2 are the radiance values applied to the material type of both surfaces. This implies that the border regions emit only half of the amount of light as is emitted from the rest of the light source.
Furthermore, the luminaire component is composed of several mirrors to reflect the back-scatting and to create a more homogeneous radiation field in the photo-reactor setup. In total, 18 mirrors were included in the luminaire comprising 12 type I and 6 type II, as illustrated Fig. 6 .
Both mirrors were composed of the material mirror specified in RADIANCE by the reflection model metal in line with the remaining opaque materials. The allocation of the materials is illustrated in Fig. 2 . The reflection coefficient values (Table 1) were used to specify the reflection behavior of the opaque materials. The emitting materials, including light 1 and light 2 used for the light source model were defined in RADIANCE with the light material type. In turn, the transparent material glass was modeled with the dielectric material type. It was assumed that the glass does not absorb any light (thus the transmissivity per unit length is 1). In addition, given that a monochromatic model was built, the Hartmann constant was retained at 0. The remaining opaque materials are defined by the metal material type. In principle, a roughness coefficient may also be considered to further define a surface, yet it is not essential for the characterization of a material and thus in this study it is retained at 0. However, the coefficient can be used for characterizing identical materials with different surface finishes (e.g., polished metal) and may vary per material between 0.0 and 0.2 [1]. The reflection of the internal surfaces in the reactor could not be measured and were simplified by an ideal diffusive surface (see Figs. 2 and 9) that had a reflection Fig. 4 The schematic concept of radiance equation and its corresponding variables Fig. 5 The light source mode, composed of: 1, the lamp base (no emission); 2, border region; and 3, central light emitting area, which emit radiance 4 in an omnidirectional direction. The light source emits an omnidirectional radiance distribution, expressed by L l (watts per square meter per steradian). All dimensions are in meters of roughly half of the reactor reflection of 0.300 in order to take into account internal reflection losses.
It should be noted that in this model, RADIANCE does not support reflection of the light-emitting materials. However, it is believed that the reflection by the light-emitting materials in the photo-reactor setup does not influence the total irradiance on the catalyst surface significantly due to their relatively low surface coverage. Nevertheless, no research has been performed to confirm this assumption.
Verification with an analytical solution
An analytical calculation is used to verify the numerical simulations. While an analytical computation requires less computation time, the method can only be used to a certain extent in predicting basic systems. However, for more complex models, the mathematics turn is too complicated, and thus, the solution is often numerically approximated.
In both methods, light is considered as a ray. Meanwhile, the numerical modeling approach includes the effects of the geometry and materials of the photo-reactor setup on the irradiaton, whereas the analytical approach does not. In line with the numerical model, the analytical approach is also monochromatic. This implies that the radiation intensities do not affect the radiation distribution and thus ensure that both methods can be compared with a relative value, a ratio. In fact, the ratio between irradiance received by the test sample and the glass cover, defined by the correction parameter, C [−], is used for comparing these methods. It is generally assumed that the distance of 11 mm between the glass plate upper surface and the test sample can be neglected, as the height/length (=0.011/0.197) and height/width (=0.011/0.087) ratios are small (see Fig. 2 ). Therefore, for the simulation approach applies that:
where E catalyst and E glass (watts per square meter) are respectively the average irradiance on the test sample and glass cover; C n [−] is the correction parameter computed from the simulation approach. E catalyst and E glass , acquired from a grid as average grid values (see Fig. 8 ). An average grid value is computed by averaging obtained values for each sampling point in a grid to a single value. For the analytical approach, the correction parameter is defined as:
where τ direct and τ indirect [−] are respectively the direct and indirect transmission components whereby radiation reaches the test sample; and C a [−] is the correction parameter computed from the analytical approach. Later, both methods are compared and evaluated (see "Radiation modeling results").
In the analytical calculation, the geometry and materials of the photo-reactor are not considered. Instead, it is assumed that all radiation is moving perpendicular (vertically) to the considered surfaces, including the glass plate and the testsample surface and is ideally specular reflected. In line with the simulation method, it is assumed that the glass plate does not absorb light. Furthermore, it is stated that all direct irradiance on test sample is perceived through the glass and therefore is defined that:
where τ glass [−] is the transmission coefficient of the glass cover. However, the indirect component is composed out of multiple ray interaction that, via a sum operation, yields:
where σ catalyst [−] is the reflection coefficient; and n and i are respectively the current and total number of interactions. Consequently, τ glass can be derived with Fresnel's equation for an angle of incidence of 0°, for multiple ray interaction, giving:
where n 1 and n 2 [−] are the refraction index of respectively air and SCHOTT Borofloat® 33 and n and i are respectively the total and current interaction(s) of a ray. The analytical solution is obtained using the set of equations formulated by Eqs. (6), (7), (8), and (9). During the analytical calculation, n=5 was applied, yielding a set of closed-form expressions. In fact, larger values for n had no significant effect on C. 
Results and discussion
Numerical model validation
Uncertainty analysis of -ab rendering parameter
The aim of this uncertainty analysis is to obtain an optimized value for the ambient bounce rendering parameter (-ab), whereas the simulation times remain minimized, as shown in Fig. 7 . In short, the -ab value defines the number of interactions for any ray in the model and can greatly influence the final results when not properly adjusted (Larson and Shakespeare 2004) . For this analysis, the average irradiance value was calculated from all sampling points on a grid located on 0.185 m height, as illustrated in Fig. 8 , and from six simulation runs while using an L l of 52 W m −2 sr −1 .
Eventually, a value of 5 was selected for -ab. The value of 52 W m −2 sr −1 was selected by an initial estimation for the maximum output of the light sources but is corrected for the error estimation in the next section.
Error estimation
The radiation model of the photo-reactor setup is calibrated with irradiance measurements for the error estimation. The irradiance data was obtained with a UV-vis radiometer and VIS-BG sensor (Dr. Gröbel UV-Elektronik GmbH, Germany) by using the grid (h=185 mm), as illustrated in Fig. 8 . The VIS-BG sensor measured the wavelength range of 400-570 nm with a maximum resolution around 480 nm. The range of the sensor matches the photocatalytic sensitivity of the photocatalyst. During the measurement, the output of the three light sources in the setup was maximized and the irradiance sampled threefold per sampling point, giving 63 output values. By modifying the radiance of the light sources (L l ), the radiation model was calibrated to the irradiance measurements using the grid located on 0.185 m height (Fig. 8) . Eventually, an L l of 53.56 W m −2 sr −1 was computed, as illustrated in Fig. 9 . Since the solving algorithm of RADIANCE is stochastic, an uncertainty error for E X (watts per square meter) is computed for sampling point X for n simulation runs by applying statistics (Montgomery and Runger 2007) and is also illustrated in Fig. 9 . According to the central limit theorem (Montgomery and Runger 2007), while adopting a 95 % certainty interval and assuming that irradiance in grid point X is normally distributed, the range of the actual irradiance in grid point X (E X;n (watts per square meter)) for n simulation runs can be obtained with:
where E X;n (watts per square meter) is the uncertainty interval for E X in grid point X; E X (watts per square meter) is the average irradiance in X; and SD(E X ) is the standard deviation of E X over n simulation runs. Subsequently, the modeling error (δ (percent)) is computed according to:
where E X;n the numerical value is obtained through n simulation runs, and E X;m represents the value obtained through measurements. As illustrated in Fig. 10 , the modeling error is computed per grid point, while using a n of 6. The overall average modeling error, including the uncertainty, is 4.1 % and therefore lies within the commonly ac- Fig. 7 The average irradiance and uncertainty interval from the sampling grid on 185 mm (see Fig. 8 ) height per six simulation runs for different ambient bounce settings, using L l of 52 W m −2 sr −1 Fig. 8 Direct above the reactor (a) the sampling grids, (b) are located on a height of respectively 139, 150, and 185 mm. All dimensions are given in millimeters (Ruppertsberg and Bloj 2006) . Therefore, it is assumed that the model is valid. Still, the numeric solution with the applied rendering settings (Table 2) ). This uncertainty margin may be decreased by conducting more simulation runs or increasing the rendering settings, but consequently, simulation times will be raised. Moreover, more accurate results may also be obtained from the average (ir)radiance values of a number of sampling points in proximity of each other while using a single simulation run.
Radiation modeling results
The numeric results are employed to refine the kinetic model by computing the correction parameter according to Eq. , based on four simulation runs per reflection coefficient value for σ catalyst . In Fig. 11 , the numerical results are compared with the analytical solutions, applying different reflection coefficients of the test sample (σ catalyst ). The values for the reflection coefficient are systematically selected to study all possible reflection values for the test sample.
For both results, trend lines are computed. Clearly, differences between both trend lines are seen in Fig. 11 . Nevertheless, the relative differences between the methods appear rather limited (∼3 % maximal). The analytical results confirm the simulation results.
The trend line, showing the R 2 regression of the numeric results in Fig. 11 , is inserted into the kinetic model . First, the surface reaction of NO for an ideal mixed system is recalled :
where k NO , k NO 2 and k H 2 O (square meters per mole per second), β (moles per square meter per second), K NO , K NO 2 and K H 2 O (cubic meters per mole) are the rate constants of the kinetic model; and C NO , C NO 2 and C H 2 O (moles per cubic meter) are the concentrations of respectively NO, NO 2 , and H 2 O. Sequentially, the expression T, which is identical in both the surface reaction expression of NO as for NO 2 (found in , is defined as:
where E (watts per square meter) is the received irradiance by the photocatalyst and α (moles per watt per second) is the irradiance-related rate constant. Now, the trend line of the numeric results from Fig. 11 is rewritten to define the corrected rate constant for the kinetic model using the correction parameter. Although it is assumed that E=E glass (Yu and Brouwers 2009) , actually E catalyst =E was true. Therefore, in order to apply E catalyst =E, the correction parameter is applied to correct the rate constant α according to the following expressions:
It was found that reflection coefficient for the wavelengths between 400 and 570 nm of the test sample in Yu et al. (2010) was 0.883. Therefore, given that α is 7.20 10 −6 mol W −1 s −1 , the value of 7.30 10 −6 mol W −1 s −1 is computed for α c . As a result, the relative difference is 1.4 %, which is considered to be an acceptable error. Nonetheless, if the setup used in Yu and Brouwers (2009) is repeated, while using other samples, higher errors can be introduced. According to Fig. 11 , the correction parameter is related with the reflection coefficient of the test sample. Therefore, the overestimation of the irradiance is higher when darker samples are used, up to 9.8 %. As a result, the wrongly estimated rate constants in the kinetic model would lead to an underestimation of the catalytic activity when the kinetic model is employed in CFD models, dependent on the sample color. The extent of this underestimation is believed to be of the same order of magnitude as the overestimation or relative difference found in the results section. The sample is composed out of a substrate which supports the coating in which the photocatalyst is processed and thus serves as underlayment. Frequently, this coating is several nanometers thick and therefore does not significantly alter the color of the substrate. However, the specular component of the treated sample can be lowered, as the coating can scatter incoming radiation.
Furthermore, the effects on the irradiance dispersion by the radiation field on the test sample are rendered in Fig. 12 . As can be identified from Fig. 12 , a minor difference around 1 W m −2 is present. This suggest that the assumption of a uniformly irradiance dispersion ) and in the current work is a credible assumption. In addition, Fig. 12 also demonstrates that the assumption from "Verification with an analytical solution," stating that effect of the distance between the glass plate surface and the test sample on the irradiance is insignificant, is accurate enough. The distance only affects a small region near the edges where the irradiance is lower.
Discussions on method selection and radiation simplification
In this section, the key differences between the new method and methods in literature, referred to above, is discussed. To begin with, the key simplification in the first two studies (Passalia et al. 2012; Zazueta et al. 2013) were the ideally diffusive reflection and emission of radiation, whereas the LSSE model considers only the direct radiation from the light sources, neglecting the indirect radiation (Salvado-Estivill et al. 2007a; Salvado-Estivill et al. 2007b ). These methods were effective in predicting the studied system. Still, in general, methods with more diffusive reflections and emissions tend to overestimate the uniformity of the radiation field. Moreover, methods that only include the direct radiation between a light source and a surface can underestimate the radiation amount in the system. As an illustration, Table 3 provides a derived relation between the direct and indirect radiation components for the numerical model. It clearly shows that 53 % of the incoming light is on the surface of the photocatalyst, implying that 47 % of the light originates Numerical results Analytical results Fig. 11 The correction parameter as a function of σ catalyst , obtained from the simulation and analytical method from indirect reflections within the reactor. The numerical model included the indirect and specular components of the materials, omnidirectional radiance emission of the light sources, and the effects of transparent materials. Still, the model did not include the reflection of the light sources. Considering that the radiation field in various photo-reactors can be estimated by more simplified methods, it is plausible that this only has a minimum effect on the results. In addition, in RADIANCE models of indoor spaces, the ratio between the lightemitting surfaces and other non-light-emitting surfaces is very small, making the effect of this exclusion insignificant. Nevertheless, there are two disadvantages inherent to a RADIANCE model with respect to other methods. First of all, creating a RADIANCE model will be more time intensive. Furthermore, a RADIANCE model cannot be easily combined with other simulation software if desirable (e.g. FLUENT or MATLAB). In fact, often the results need to be exported and converted first before they can be used in other software, which can lead to possible data loss. Meanwhile, these other methods are in general simpler to implement via for instance customable mathematical functions or are already supported by the software.
Conclusions
This study aims to provide an insight into the radiation behavior in a previously used photo-reactor setup specified by ISO 22197-1:2007 by using a comprehensive modeling approach. A series of simulation runs were performed with the software package RADIANCE, normally employed for indoor lighting design, to gain understanding of the radiation field behavior. The irradiance perceived by the test sample below the glass cover in the photo-reactor setup was computed. From the photo-reactor modeling, it was found that the reflection of the test sample limited the irradiance reduction of the glass cover in the photo-reactor setup. Therefore, if a substrate with a light color is used, no significant error will be made (1.4 %). However, when darker substrates are used in the same experimental setup, the actual irradiance can be overestimated up to 9.8 %, thus resulting in a considerable error. Furthermore, the simulation approach was compared with an analytical approach. The results of both methods appear to differ marginally. Although the analytical approach is far less time intensive, the simulation method is favored. The simulation approach can include the additional effects of the materials and the geometry on the radiation dispersion within a system. Although the irradiance distribution on the test sample was considered uniform, larger and more complex geometries and material use in the indoor environment will affect the radiation field more significantly and will affect the air purification capabilities of a photocatalyst through unevenly dispersed radiation. To estimate this behavior, the program RADIANCE provides a more comprehensive alternative for (spectral) radiation modeling in PCO models and may be combined with CFD software. For example, the proposed method may aid in estimating the kinetics for formaldehyde (HCHO), a prevalent VOC indoors (Nie et al. 2013; Yu et al. 2013) , and this will be investigated in the next stage's study. 
